Acrylic resins are prone to microbial adherence, especially by Candida albicans. Surface-charged resins alter the ionic interaction between the denture resin and Candida hyphae, and these resins are being developed as a means to reduce microbial colonization on the denture surface.
A trend of increased hydrophilicity, as indicated by lower contact angle, was observed with increased concentrations of phosphate. With regard to the other properties, no significant differences were found when compared with the control acrylic resin.
Conclusions
No adverse physical effect due to the addition of a phosphatecontaining monomer was found in the acrylic denture resins. Additional mechanical and physical properties, biocompatibility, and clinical efficacy studies are needed to confirm the in vivo anti-Candida activity of these novel resins.
Acrylic resins have adequate physical, mechanical, and esthetic properties for use as denture base materials in the prosthetic rehabilitation of edentulous patients. However, their application is flawed by the ease of microbial adherence to the intaglio (tissue) surface of the denture base. Mechanical irritation by the prosthesis and decreased manual dexterity for oral hygiene by geriatric patients predispose the elderly edentulous population to denture stomatitis. 1, 2 Denture stomatitis itself is not the manifestation of systemic pathology, but is a result of local factors, such as ill-fitting dentures and biofilm formation on the prosthetic surface. The condition has not generally been considered serious, but does result in chronic inflammation and may act as a nidus of serious infection in the elderly or immune-compromised patients. [3] [4] The intaglio surface of the denture is not polished prior to insertion and the areas of imperfection, porosities, or rough areas in the denture may serve as a breeding ground for opportunistic oral fungi. 5 The treatment for Candida infection in denture stomatitis is to remove the source of irritation and apply antifungal agents orally in the form of drops, lozenges, or mouthwashes. However, in vitro, it has been noted that planktonic Candida species are much more susceptible to antifungals than Candida contained in biofilms. Biofilm-associated Candida, as seen on a denture surface, is becoming increasingly more resistant to antifungal therapy. [6] [7] [8] [9] Therefore, it is prudent to evaluate alternative materials which may hinder Candida adherence. [10] [11] Differences exist in the protein composition of the acquired denture pellicle and enamel pellicle found on teeth. The acquired enamel pellicle consists of adsorbed salivary amylase, mucin, albumin, and other constituents such as cationic anti-microbial peptides. In contrast, the denture pellicle lacks salivary histatins and proline-rich proteins. 12 The salivary histatins in the acquired enamel pellicle have been reported to have fungicidal properties. [13] [14] This difference in protein composition of the acquired denture pellicle and the enamel pellicle has been attributed to the absence of anionic groups, such as phosphate, in the acrylic resin. 12 Therefore, the development of acrylic resins with negatively charged groups, either as a surface modification or throughout the resin, has the potential to hinder Candida adhesion, with inhibition being directly proportional to the extent of the negative charge in the polymer. [10] [11] Polymethyl methacrylate (PMMA) denture base resins are formulated from a liquid containing methyl methacrylate (MMA) monomer and a powder containing PMMA prepolymer. The incorporation of phosphate groups in PMMA provides the acrylic resin with an anionic surface charge which facilitates adsorption of salivary defense molecules such as histatins and defensins. Since charged acrylic resins have been shown to have a dose-related anti-Candida activity, 10 optimization of this effect without compromising the physical properties of the denture base resins is desired. To date, flexural strength and modulus, water sorption and solubility, as well as color stability, have been examined. 15 Adequate impact strength and fracture toughness are 2 of the most important mechanical property requirements of denture base resins. A denture that is accidentally dropped onto a hard surface may fracture if its impact strength, or resistance to fracture under dynamic load, is not sufficient. Similarly, the fracture toughness gives a measure of a material's resistance to crack propagation, a common source of failure in denture base resins. 16 Wettability, as measured by contact angle of water on the material, is important in denture retention 17 and provides an indication of the change in surface charge created by the addition of phosphate groups. Furthermore, hypdrophobic as well as electrostatic interactions are important to Candida adherence to surfaces, [18] [19] and Uyen et al 20 has demonstrated that as hydrophilicity increases, bacterial binding also decreases. The accessed by following the link in the citation at the bottom of the page.
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bonding ability of the denture base resin to artificial teeth was also investigated in this study, since it is possible the phosphate modification may compromise the bond. The purpose of this study was to determine the effect of phosphate group substitution via incorporation of ethylene glycol methacrylate phosphate (EGMP) on 4 mechanical/physical properties of denture base resins. The properties investigated were impact strength, fracture toughness, wettability, and bonding ability to denture teeth. Therefore, the null hypothesis was that addition of a phosphate monomer to Lucitone 199 has no effect on the mechanical and physical properties under study.
MATERIAL AND METHODS
The materials used in this study are shown in Table I . A commercially available acrylic denture base resin, Lucitone 199 (Lot # 0501121; Dentsply Trubyte, York, Pa), was used as the control and the basis for the 4 experimental groups. The manufacturer of Lucitone 199 purports that it consists of a powder (containing PMMA prepolymer, initiator, and other additives) and a liquid (containing MMA monomer and the cross-linking agent, ethylene glycol dimethacrylate (EGDMA)). For all groups, the manufacturer's instructions for Lucitone 199 with regard to standard packing, liquid:powder ratio (3:1), and polymerization cycle (74°C for 9 hours) were followed. The experimental groups (E-10, E-15, and E-20) were formulated with a phosphate-containing monomer, EGMP (Batch # 15605AE; Sigma-Aldrich, St. Louis, Mo), substituted for the liquid MMA monomer in increasing concentrations of 10%, 15%, and 20% by volume, respectively. A fourth experimental group (E-15+XL) also had the cross-linking agent, EGDMA (Batch #02108LC; Sigma-Aldrich), added to return the overall EGDMA concentration to 7.5% by volume. This was done to discern whether any change in mechanical properties was due to the added phosphate group containing monomer itself or because the experimental substitutions effectively diluted the other components of the liquid, such as the cross-linking agent. Impact strength specimens (50 × 6 × 4 mm; n=16) for each group were machined from 2 larger polymerized plates (65 × 40 × 5 mm). A notch was cut in accordance with ISO standard 180:2000 21 in the middle of the specimen to a depth of 1.2 ±0.1 mm. The specimens were conditioned in water at 37 ±1°C for 7 days ±2 hours prior to testing. A 2 J Izod impact tester (Testing Machine, Inc, Ronkonkoma, NY) was used to measure the impact energy required to fracture the specimen. The impact strength (IS) was calculated using the following formula 21 :
where Ec is the corrected absorbed energy, h is the specimen thickness, and b is the width below the notch.
Fracture toughness was determined using the single-edge notched bend test. 22 Specimens (40 × 8 × 4 mm; n=13) for each group were machined from 2 larger polymerized plates (65 × 40 × 5 mm). A 0.5-mm-wide notch, 3.6 mm in length, was machined in the center of each specimen and then sharpened using a razor blade to extend the notch another 0.1 to 0.2 mm. 22 The specimens were conditioned in water at 37 ±1°C for 7 days ±2 hours prior to testing. Fracture toughness measurements were performed in a 3-point bending configuration in a universal testing machine (Model 55R1114; Instron Corp, Canton, Mass) using a crosshead speed of 1 mm/min accessed by following the link in the citation at the bottom of the page.
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where f is a factor depending upon the ratio of crack length to specimen width given in ASTM Standard E399-90, Pmax is the maximum load, L is the distance between testing supports, B is the specimen thickness, and W is the specimen width. The work of fracture (WOF), which is defined as the energy needed to produce 2 fractured surfaces, 24 was also calculated using the formula 25 :
where a is the crack length and U is the total work found by computing the area under the entire load-displacement curve.
Twelve specimens (15 × 15 × 5 mm) were examined for contact angle for each group. Six of the 12 specimens were cleaned and polished using pumice (coarse, fine, and extra fine), followed with sequential grinding with silicon carbide paper of 400, 600, and 1200 grits (Buehler Ltd, Lake Bluff, Ill). The other 6 specimens were tested without any cleaning or polishing. This latter subgroup was designated as "unpolished" and represents the denture intaglio surface which does not undergo any alteration prior to insertion intraorally. The polished surfaces are more typical of contact angle specimen preparation, although further polishing with alumina slurry was not performed as it could potentially contaminate the experimental group surfaces. The contact angle of distilled water on the specimen surfaces was measured by the sessile drop method. For this, a 20-μl drop was delivered from a microsyringe (Krüss USA, Matthews, NC) onto the surface of the horizontally leveled specimen. After 20 seconds of spreading time, the contact angle was determined by observing the drop profile with a drop shape analysis system and software (Krüss USA). The automated drop shape analysis system software calculates the angle between the solid and the tangent to the surface of the drop on the acquired optical image.
ISO standard 1567 26 for denture base polymers was followed for testing the bond of acrylic resin denture teeth to the acrylic resins under investigation. Two specimen plates for each group were has been granted for this version to appear in e-Publications@Marquette. Elsevier does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from Elsevier. 8 fabricated, each with 6 maxillary central incisors (Portrait IPN; Dentsply Trubyte). The teeth were arranged to allow the lingual surface of the incisal edge of each tooth to individually contact the debonding blade connected to the crosshead of the universal testing machine. The load was applied to the tooth at a crosshead speed of 2 mm/min until failure occurred. Mode of bond failure was noted in accordance with the standard. 26 The specimen passed if the mode of fracture was cohesive either within the denture tooth or the acrylic resin, but not if the tooth debonded from the acrylic resin.
Normality of the data was confirmed using the Shapiro-Wilk test. The data for impact strength and fracture toughness were analyzed using 1-way analysis of variance (ANOVA) and an additional post hoc Tukey test was performed when indicated (SPSS 13.0; SPSS, Inc, Chicago, Ill). Two-way ANOVA was used for analyzing the data from the contact angle tests. The level of significance was set at α=.05.
RESULTS
The mean and standard deviation values for Izod impact strength, fracture toughness, and work of fracture are reported in Table II . No significant difference (F=1.367, df=4, 65, and P=.255) in impact strength was found between any groups. For fracture toughness, once again, the values for all groups were not statistically different (F=1.218, df=4, 54, and P=.314) . This is an indication that these important properties were not changed significantly with the amount of the phosphate group substituted into the polymer. The mean work of fracture values for E-10 were significantly greater than some of the other groups (F=5.199, df=4, 54 and P=.001), but a consistent trend in work of fracture with regard to the addition of phosphate was not apparent. This also reiterates that mechanical properties were not changed with the addition of the experimental phosphate compound.
Table II Mean (SD) mechanical properties evaluated
For each property, values with same uppercase letters were not statistically different (P<.05; 1-way ANOVA and post hoc Tukey test).
Table III displays the contact angles for the polished and unpolished specimens. For both preparation conditions, there was a general trend of decreasing contact angle with increase in the phosphate concentration. This would indicate greater hydrophilicity with phosphate addition. Two-way ANOVA and the Tukey test showed E-20 had a significantly (P=.039) lower contact angle than the other groups (Table IV) . Polished surfaces also had significantly (P<.001) lower contact angles than the unpolished specimens. The interaction between group composition and surface condition was not significant (P=.096). Despite this apparent change in surface properties, bonding ability of the acrylic resins to artificial teeth was not affected, since all groups showed cohesive fracture of the tooth, indicating no compromise of the bond between the experimental acrylic resin groups to artificial teeth. For this test, all groups passed the requirements of ISO 1567. Journal of Prosthetic Dentistry, Vol. 100, No. 4 (October 2008): pg. 302-308. DOI. This article is © Elsevier and permission has been granted for this version to appear in e-Publications@Marquette. Elsevier does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from Elsevier.
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DISCUSSION
Altering a material to optimize a single property may consequentially introduce deleterious effects on other properties. However, in this study, addition of increasing amounts of EGMP to the denture base material did not result in a significant change in impact strength, fracture toughness, or bonding ability to artificial teeth compared to the control. As expected, the wettability measurement was significantly different for the E-20 group. Therefore, the null hypothesis is not rejected for the parameters tested, with the exception of the contact angle measurement at the highest level of phosphate substitution.
Impact strength is an important parameter, as it can reflect the contact force required to cause fracture in a denture under situations such as accidental dropping. Comparison with a previous investigation 25 showed greater Izod impact strength values for Lucitone 199 in the present study (4.56 versus 2.85 kJ/m 2 ). While the values are within a factor of 2, the difference in results may be due to impact strength not being an intrinsic property and influenced by testing configuration and specimen geometry. 25 The absolute values are most useful for intrastudy material comparisons, and, in this case, there were no significant differences in impact strength between Lucitone 199 and the experimental acrylic resins. Fracture toughness is also a critical property, as crack propagation is a common mode of failure for dentures. The values reported in the present study for KIC and WOF (2.37 MPa·m 1/2 and 0.99 kJ/m 2 , respectively) were similar to those (2.53 MPa·m 1/2 and 1.41 kJ/m 2 , respectively) reported for Lucitone 199. 25 Furthermore, the experimental acrylic resins were statistically similar to the control in KIC and WOF as a whole, indicating the phosphate addition did not substantially alter these measurements. Coupled with the fact that bonding to artificial teeth was not compromised, these experimental acrylic resins have proven to be relatively unaffected in the mechanical properties tested by the addition of the phosphate group.
The contact angle values obtained for the control (73.3 degrees) were consistent with those reported in the literature for Lucitone 199. 17 With regard to the experimental acrylic resins, incorporation of a phosphate-containing monomer in place of MMA monomer in the liquid tended to increase the wettability, as indicated by decreasing contact angle. In other words, there was an overall decrease in hydrophobicity with increasing concentration of the phosphate compound. This is significant, as Klotz et al 18 found that the increased adherence of yeasts to acrylic resins was directly proportional to an increase in hydrophobicity. These results are in agreement with the work done by Park et al. [10] [11] The authors suggested increasing the hydrophilicity of surface-modified resins as a possible mechanism for decreasing Candida adhesion to the polymer, since the hydrophobic Candida would be more readily attracted to hydrophobic denture base polymers. 19 The observation that the polished specimens appear to have lower contact angles than the unpolished specimens may be due to either a surface energy or surface roughness effect. Grinding the surface, as done with the polished group, most likely increased the surface energy, resulting in lower contact angles compared to the natural surface of the unpolished group. In addition, it is well established that denture base resins with increased roughness, such as the unpolished group, will exhibit greater contact angles. 17 With both surface conditions, polished and unpolished, the E-20 specimens exhibited significantly lower contact angles (P=.039), although it should be noted that the former group is less relevant clinically, as the intaglio surface of a denture, the site of Candida colonization, is not polished.
Although the results presented here are encouraging, there are limitations to this study and further testing of properties is warranted. The lack of a statistically significant difference in the mechanical properties tested does not prove equivalence, but does suggest proof of the concept that phosphate can be added without adverse effects on these particular properties. It also suggests that clinically relevant changes have not occurred based on comparison to a widely used denture base material. Increased hydrophilicity did result in increased water sorption by the denture material, possibly resulting in dimensional changes and color instability. 15 However, color stability was within ISO standards for each specimen tested, up to 20% phosphate, and water sorption as well as flexural strength and modulus were within international specification limits up to 10% phosphate, and this observation was conducted under decreasing cross-linker concentrations, a factor which is known to affect both properties. 15 Additionally, while Candida colonization has been shown to be hindered on surface-charged resins, [10] [11] it is possible, and
